Aminoacyl-tRNA synthetases interact with their cognate tRNAs in a highly specific fashion. We have examined the phenomenon that upon complex formation E. coli glutamlnyl-tRNA synthetase destabilizes tRNA an causing chain scissions in the presence of Mg 2+ ions. The phosphodiester bond cleavage produces 3'-phosphate and 5'-hydroxyl ends. This kind of experiment is useful for detecting conformational changes in tRNA. Our results show that the cleavage is synthetase-specific, that mutant and wild-type tRNA Gln species can assume a different conformation, and that modified nucleosides in tRNA enhance the structural stability of the molecule.
INTRODUCTION
The highly specific interaction of tRNAs with their cognate aminoacyl-tRNA synthetases, which leads to aminoacyl-tRNA, plays a central role in protein biosynthesis (1). One striking feature of tRNAs is the presence of a large number of different modified nucleotides for which the cell has an extensive biosynthetic machinery (2) . The function of these modified bases in tRNA is still largely unknown. Their role in aminoacylation may be indirect by furnishing structural properties conducive to charging (3, 4) . However, a modified nucleoside in tRNA" 0 was shown to be crucial for correct aminoacylation (5, 6) .
The analysis of the structure of tRNA, especially complexed with the cognate synthetase, is being conducted with a wide range of techniques. Biophysical studies by X-ray crystallography or NMR of the aminoacyl-tRNA synthetase:tRNA complexes demonstrated that the interaction of tRNAs with these enzymes is highly specific involving a series of contact points along both molecules (7) (8) (9) (10) . Obviously, the correct and stable folding of tRNA is necessary for the efficiency of this process (3, 11) . Recent biochemical studies aimed at determining the nucleotides in tRNA involved in the specific recognition by aminoacyl-tRNA synthetases (the 'identity elements') utilized tRNA molecules lacking modified nucleosides made by in vitro transcription (12, 13) . Although in several cases these transcripts retained the capacity to be aminoacylated, their secondary and tertiary structure appears to be more relaxed and less stable (3, 4) . Structural mapping methodology (using enzymes or chemical reagents) has provided a useful tool for determining the spatial configuration of tRNA either free or in complex with proteins (3, 14, 15) .
In the process of doing footprinting experiments we observed that E. coli glutaminyl-tRNA synthetase (GlnRS) destabilizes tRNA Gln causing chain scissions. Such synthetase-induced degradation has been noticed earlier with some yeast synthetases but has not been further investigated (16) (17) (18) . We examine this phenomenon in more detail at the example of the E. coli GlnRS:tRNA Gln system. The results indicate that this kind of experiment is useful for monitoring conformational changes in tRNA. electrophoresis on a 14% polyacrylamide-8M urea gel. The RNA of the correct length was excised and eluted into 20 mM Tris (pH 7.5). 
Cleavage of tRNA

Analysis of cleavage positions
Approximately equal amounts of radioactivity for each sample were analyzed by gel electrophoresis on 14% polyacrylamide-8M urea gels. After autoradiography, the cleavage sites were determined by comparison to the cleavage pattern derived from tRNA digestion with RNase T, and alkaline hydrolysis.
Binding studies using gel retardation analysis Assays for tRNA:GlnRS binding were performed in 30 mM HEPES-potassium acetate (pH 7.5), 15 mM MgCl 2 , 25 mM KC1, 5 mM DTT using 1-2 pM of radiolabelled tRNAs (30-60,000 cpm) and a 5-fold excess of GlnRS. After incubation at 4°C for 5 min, glycerol was added to a final concentration of 20% and then the reaction mixture was loaded onto a preelectrophoresed 8% non-denaturing polyacrylamide gel. Electrophoresis was performed at 4°C at 10 mA for 8 hours.
The RNAs were excised and eluted as described earlier (12), and the radioactivity was determined by Cerenkov-counting.
RESULTS
GlnRS induces cleavage of tRNA
Gln
In the process of doing footprinting experiments we observed that GlnRS destabilizes tRNA Gln leading to the accumulation of a small amount of fragments. In order to study this phenomenon systematically we incubated radiolabelled in vivo tRNA Gln and tRNA Gln transcripts in the presence of Mg 2+ and GlnRS for varying times and analyzed the reaction products by polyacrylamide gel electrophoresis (Fig. 1) . As can be seen the tRNA alone (lanes 0) has already undergone partial cleavage at positions 6,12,20,33,44, and 56. These breaks occur after pyrimidines (most of them in a YpA sequence) as observed in other studies of RNA cleavage (15, 24) . However, increasing incubation time with GlnRS induces additional cleavage at these and other positions (compare lanes 5 to 0). The major sites of cleavage are at positions 6-11,13 -16,19,20,44 and 45 for the modified tRNAP". In order to determine the nature of cleavage, reaction products from assays performed with unlabelled tRNA under the conditions outlined in Fig. 1 , were subjected to T4 In this experiment thai tRNA concentration was 2 /iM, GlnRS was 5 jiM, and RNase T 2 was 0.1 jiM. In the 'nuclease contamination experiment' RNase T 2 was added to GlnRS (ratio-1 nmol GlnRS : 1 unit RNase T 2 ). These experiments were performed in buffer A plus 10 mM MgClj and 2 tRNA at 0°C for 5 min. After incubation the reaction mixture was stopped and extracted as described above. Heat inactivation of GlnRS was achieved by incubation at 65°C for 3 min. tRNA* 31 ", which were induced by complex formation, are shown in Fig. 1C and ID.
Is tRNA
GUl cleavage due to nuclease contamination in GlnRS? To this aim we added a small amount (only 0.02 times the amount of GlnRS used in these experiments) of the nonspecific ribonuclease T 2 to our standard incubation mixtures at 0°C to see if the added enzyme would increase tRNA cleavage. As expected from the experiment above there is little degradation in uncomplexed and GlnRS-complexed tRNA 01 " (Fig. 2, lanes  1 and 3) . However, addition of the nuclease increases cleavage similarly for tRNA alone or in complex with GlnRS (lanes 2 and 4). While this experiment does not prove that there is no nuclease contamination in GlnRS, it is very unlikely in light of these results. It can also be observed in Fig. 2 3A and 3B, lanes 1 -5) . However, the addition of GlnRS stimulated by Mg 2+ ions affects especially the unmodified tRNA at the following positions: the anticodon region, D-loop, D-stem including positions 6-9, a region of the variable-loop at bases 44,45, and to some extent the nucleosides 53-65 and at 71 -73. It should be noted that the cleavage-profile of bases 44 and 45 of the variable loop of tRNA^l n and tRNA transcript are very similar. These results suggest that magnesium ions and GlnRS led to the cleavage of unmodified tRNA molecules. (25, 26) and also binds to GlnRS at an approximate level of 30% compared to wild type tRNA Gln as analyzed by gel retardation assays (data not shown). As can be seen in Fig. 3C and 3D , GlnRS-induced cleavage occurred at positions different from those in tRNA Gln (around nucleotide 10, at the anticodon and the CCA-end) indicating a different 'fit' of the non-cognate tRNA to the synthetase. The reverse experiment using purified TrpRS and fully modified tRNA Gln resulted in some cleavage in the variable-loop and low cleavage of the anticodon region (data not shown). This result indicates that the cleavage pattern is specific for the particular tRNA:synthetase combination, due to induced torsional stress upon binding to reach 'best-fit'.
Size of metal ion is important for efficiency of cleavage Mg 2+ ions and spermidine are known to bind to specific sites in tRNA (27) . Complexation of in vitro tRNAGln with GlnRS in the presence of spermidine resulted in the same cleavage pattern compared to that produced by equimolar Mg 2+ -concentrations (data not shown). Moreover, we analyzed the effect of increasing concentrations of Ca 2+ and Ba 2+ . Compared to Mg 2+ no difference was seen in the incubation of tRNA Gln with these divalent metals. However, when GlnRS was added an interesting pattern was observed (Fig. 4A and 4B) . Compared with the 
Mg
2+ results, Ca 2 + and Ba 2+ induce less diester bond scission in some positions while cleavage at others is enhanced. The increasing radius of the metal ion suppressed the level of cleavage in the anticodon, the D-loop region (position 22-24) and the CCAQ H (positions 71-73) (Fig. 4D) . Increased cleavage was observed at bases 6,13,20,21,44 and 45 (Fig. 4E) . These data suggest that there is a structural constraint for Mg 2+ binding in the tRNA Gln :GlnRS complex which prevents an exact fit by the larger ions. Enhanced phosphodiester cleavage by divalent metal ions of increasing size has also been observed at specific sites of E. coli Ml RNA (28) .
Mutant tRNA
Gln species are 'cleaved' better than wild-type tRNA Mutations in the anticodon region and the acceptor stem of tRNA Gln showed marked effects on the aminoacylation of these molecules by GlnRS (4). Therefore, we used two of these tRNA the anticodon mutant tRNA G)n GlA36 was investigated an increased cleavage at positions 32-36 and 71-73 ( Fig. 5A and B, lane 5) was seen when compared to the wild-type tRNA Gln transcript. A tRNA with a double-mutation in the acceptor-stem tRNA Gln GlA2-U71 exhibited increased cleavage at bases 68-70, while the anticodon showed normal susceptibility. In addition, there was also cleavage at positions 21-24 in the Dloop (Fig. 5B, lane 5) .
As a different measure of the ability of unmodified and fully modified tRNA Gln to bind GlnRS, gel retardation assays were performed as described earlier (29, 30) . The results of these studies (Fig. 6) show that modified and unmodified tRNA an can form stable complexes with GlnRS. The in vitro tRNA Gln binds well to GlnRS (^95%), while the mutant tRNA Gln species complex much less efficiently with the cognate synthetase. Table  1 summarizes the amount of 'shifted tRNA' in a gel shift experiment (all tRNAs are measured at equal concentration with a five-fold excess of GlnRS) compared with their catalytic behavior (relative kcai/K M ) determined in aminoacylation assays (4) . The aminoacylation data (4), the gel shift and protection results all suggest that mutant tRNAs do recognize GlnRS. However, detailed studies will be needed to correlate the enzymekinetic data with binding constants. although still able of being bound to the enzyme (as shown in gel retardation experiments) is subjected to more cleavage at the sites carrying the mutation. Studies with bovine tryptophanyltRNA synthetase have shown that the region in the cognate tRNA protected by the enzyme (the anticodon region) is at the same time subject to strong synthetase-induced degradation (14) .
Binding of proteins causes conformational stress in tRNA
Our structural mapping experiments showed that Mg 2+ -induced cleavages in tRNA Gln are characteristic for the synthetase used. Thus, it is plausible and expected that each synthetase differs in the precise interaction with tRNA while a large amount of binding energy is non-specific. The products of cleavage indicate that it is a normal OH" catalysed hydrolysis of the phosphodiester giving rise to a 3'-phosphate and a 5'-hydroxyl group. As shown earlier, there is a preference of nucleophilic cleavage of YpAsequence in alkaline hydrolysis of RNA molecules (15, 24) .
Degradation in the presence of cognate synthetase has been observed in some experiments (16) with yeast tRNA 5 ", as well as yeast tRNA"* (17) . Differences in degradation of tRNA molecules complexed with either cognate or noncognate aminoacyl-tRNA synthetases have been reported using the TrpRS, ValRS, PheRS and AspRS system (14, 17, 18) . However, degradation was shown to be almost negligible in the homologous leucyl-tRNA synthetase system (32) . As it appeared much stronger in the heterologous tRNA species, from which was concluded that leucyl-tRNA synthetase itself possesses nuclease activity. A similar effect of degradation was observed with elongation factor Tu (33).
Role of metal ions in tRNA structure
Metal ions are important in the maintenance of secondary/tertiary structure of RNA (34) . Examination of the crystal structure of yeast tRNA"* delineated the sites of 6 molecules of Mg 2+ bound per tRNA and illustrated the essential role of Mg 2 + ions or polyamines for the conformational stability (27) . Moreover, the correct folding of RNA molecules is important for other cleavage mechanisms, e.g. lead cleavage (31, 34) . Mutational changes in the tRNA lead to an alteration of the conformational structure (31) . Our structural mapping experiments confirm that proper conformation of tRNA is important for the specific interaction with the aminoacyl-tRNA synthetase. Mg 2+ is a suitable metal ion for this purpose; larger ions appear to distort the tRNA resulting in altered bond stress and cleavage by the cognate synthetase. A change in the rates of phosphodiester bond cleavage when Mg 2+ replaced Ca 2+ was also seen in structural mapping experiments of the active site of Ml RNA, the catalytic component of E. coli RNase P (28).
Mutant and wild-type tRNA
Gln show conformational differences in complex with GlnRS The structure of the tRNA Gln :GlnRS complex has been solved at near-atomic resolution (7, 8) . The first base-pair (G1-U72) of the acceptor helix of tRNA an is disrupted while the second and third base pairs are involved in an extensive H-bonding network with the enzyme. The anticodon also binds specifically to GlnRS and each anticodon base fits into a tight pocket of the protein. These two regions contain the most important nucleotides determining glutamine identity (4, 8) . The employment of our structural mapping procedure enabled us to detect specific cleavage sites of the tRNA transcripts in the anticodon loop and the acceptor stem regions suggesting elements of stress in these regions upon binding, possibly caused by tight interaction with GlnRS (8) .
Previously, we created a series of tRNA Gln variants altered in the anticodon and acceptor stem regions with significantly diminished substrate properties (kau/K M ) (4). Therefore we tested two tRNAs, tRNA Gln GlA36 (an anticodon mutant) and tRNA Gln GlA2-U71 (an acceptor stem mutant). While both showed enhanced cleavage in the region of the mutation, the acceptor stem mutant additionally was cleaved at the D-stem and D-loop, whereas the anticodon mutant showed an increased cleavage also at the CCA-end. Our interpretation is that mutations affecting the 'best fit' of the unmodified tRNA Gln led to increased cleavage in regions of 'tight' binding to the enzyme. The fact that mutational changes in one part of the tRNA alters the structure or dynamics at spatially distant sites has already been observed in free tRNA (31) .
Modified bases enhance structural stability of tRNA E. coli tRNA Gln contains nine modified nucleosides: &*\J8, Gml7, D20, rT54, ¥55, Um32, m 2 A37, ¥38 and ¥39. The last four are located in the anticodon loop. As shown above (Fig. 1) the major difference between in vivo tRNA (fully modified) and in vitro tRNA (unmodified) is in the anticodon loop region which is protected from degradation by the presence of modified nucleotides in the tRNA. Presumably these modifications help maintain the anticodon conformation most suitable for interaction with the enzyme. However, the D-loop is more nuclease sensitive in the fully modified tRNA (Fig.2) . This may reflect different stacking properties of U20 versus D20 in these tRNAs. Further crystallographic studies may reveal a role for some of these modifications in specific interactions with the enzyme (M. Rould, unpublished observations).
